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CHAPTER 1. INTRODUCTION 
Electrical power is the backbone of modem society. Most power is generated by 
using coal combustion as the primary source of heat. Coal contains sulfides, which are 
oxidized into various sulfur oxides during combustion, mainly sulfur dioxide (S02). 
1.1 S02 Emission Reduction 
The Clean Air Act (CAA) Amendments of 1990 require substantial reductions in 
power plant S02 emissions for control of acid rain [ 1]. As a result from this strict restriction 
on S02 emission, it is necessary for the power plants to resort to clean coal technologies that 
are superior to the technologies in common use today. 
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These technologies can be new combustion processes - such as fluidized bed 
combustion - that allow removal of pollutants, or prevent them from forming, while the coal 
bums. Also, they can be new pollution control facilities - like advanced scrubbers - that clean 
pollutants from flue gases before they exit a plant's smokestack. Other clean coal 
technologies can convert coal into fuel forms that can be cleaned before being burned. For 
example, a clean coal plant may convert coal into a gas that has the same environmental 
characteristics as clean-burning natural gas. Typical S02 reduction measures are introduced 
as follows: 
1.1.1 Fluidized Bed with Sorbent Addition 
Fluidized-bed combustion (FBC) system bums coal in a fluidized bed in the presence 
of chemicals such as limestone or dolomite, to facilitate the capture of S02, while the 
conventional boilers only simply bum coal. Two kinds of FBCs, atmospheric fluidized-bed 
combustion (AFBC) and pressurized fluidized-bed combustion (PFBC), have already been 
2 
developed. The latter operates in a compact pressure vessel with the same capacity but 
smaller in size compared with the former one. There are two primary types of designs for 
both of the two FBCs, the bubbling-bed FBC and the circulating FBC. The circulating FBC 
is superior to the bubbling-bed FBC with its higher combustion efficiency and other 
advantages, including less limestone addition to capture S02. In the circulating system, the 
particles from incomplete burning process are recirculated to the combustion chamber, where 
they mix with fresh fuel and limestone. The continuous circulation that results in a long 
furnace retention time allows for both more complete fuel combustion and more efficient 
removal of S02. Other than S02 emission benefit, NOx generation is also minimized in FBCs 
due to the lower combustion temperatures (815 to 875°C) that are not obtained in 
conventional coal boilers. 
In FBC, the sulfur chemically combines with the sorbent, thereby capturing the sulfur 
before it leaves the boiler. The sulfur sorbent reaction that occurs during the combustion 
process forms calcium sulfate and sulfite, the granular materials that are easily disposed of or 
used as commercial by-products. Some of the residue from the reaction process is removed 
with the bed ash through the bottom of the boiler. The fly ash that escapes the boilers is 
captured with dust collectors (cyclones, electrostatic precipitators, or filters). 
Extensive research on the factors that impact the performance of FBC and S02 
removal efficiency showed that S02 reduction is sensitive to bed temperature, excess air, and 
air-stage level. Among these, the temperature has a dramatic effect on the reduction of S02 
[2-4]. The addition position of the limestone, however, has no effect on the emission of S02 
[5]. 
In the combustion chamber of the FBC, the injected limestone undergoes 
decomposition due to rapid heat accumulation from incineration to produce calcium oxide 
and carbon dioxide [6;7], which is shown as follows: 
CaC03 ~CaO + C0 2 
The S02 formed thereafter from the oxidation of sulfur within the coal then reacts 
with the calcium oxide produced in the former step to form the calcium sulfate and calcium 
sulfite, 
CaO+S0 2 +1/20 2 ~CaS04 
CaO + S02 ~CaS03 
which can be easily removed with the combustion ash. 
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As an alternative to the conventional fossil fuel, municipal solid waste (MSW)/coal 
mixture showed its advantages that improved the combustion rate due to the increased 
volatile content of the mixture [8]. However, incineration of MSW or refuse-derived-fuels 
(RDF) produces polychlorinated organics, sources of chlorine-contained by-products, such as 
hydrogen chloride (HCl). S02 together with HCl emitted from fossil fuel combustion may 
play roles in the corrosion of boiler components and in power plant operation problems, 
although HCl formation can be minimized when burned with high sulfur fuels [9]. In situ 
sulfur and halogen capture by limestone is the major advantage of fluidized bed combustion. 
The addition of limestone can capture HCl to form liquid or solid phase calcium chloride 
under the relatively low combustion temperatures used in an FBC system, which 
subsequently can suppress the corrosion of the heat exchange tubes caused by chloride 
compounds, especially when burning municipal solid waste or high chlorine fuels. 
1.1.2 Flue Gas Desulfurization 
Flue-gas desulfurization (FGD) is the widest applied measure for S02 reduction, 
allows an power plant to reduce its emission by up to 99% [10]. The FGD technologies can 
be classified into four groups: wet-scrubber technologies, spray-dry scrubber technologies, 
dry-scrubber technologies and combined S02/NOx removal-process technologies. Among 
those technologies, the wet scrubber technologies are most often applied by many power 
plants to reduce their S02 emission, which take up more than 80% of the market share. 
The wet scrubber FGD technologies are based on the adsorption of S02 in limestone 
slurry. Normally, the dust in the flue gas is precipitated in a dust collector. The flue gas is 
then directed through the scrubber where slurry is sprayed to absorb S02. The slurry is then 
collected in a tank where oxidation of sot, limestone dissolution and crystallization of the 
gypsum take place. After dewatering (hydrocyclones for the first step of dewatering and 
centrifugal separator or thickener and belt filter for the second step), the gypsum containing 
10 % of moisture can be obtained. This can be used for manufacturing of gypsum board or 
disposed of in a land filling [11]. 
1.1.3 Corona Discharge 
Wet lime scrubbing has been proved to be efficient in S02 emission reduction. 
However, the wet lime scrubber method combined with catalytic reduction technology 
requires additional wastewater treatment and an expensive catalyst. It is suggested that 
energetic electron induced plasma process (non-thermal plasma) could be one of the most 
effective methods for simultaneous removal of S02 and NOx from combustion flue gases. 
There are many non-thermal plasma methods, such as electron beam irradiation, pulsed 
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corona discharge, barrier discharge and DC discharge for generating the necessary energetic 
electrons for stack gas treatment. 
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Among all of these methods, the corona discharge process received more attention in 
recent years as a flue gas cleaning method capable ofremoving S02, although it is still in a 
stage of development on a laboratory scale. It induces the radical reactions that mainly 
contribute to oxidizing S02• Pilot scale tests showed that more than 95 % of S02 in the flue 
gas was successfully removed [12-14]. If water vapor exists in the flue gas, the high relative 
humidity creates a suitable condition at the aerosol surfaces that is required for the radical 
reactions. It is believed the radical reactions dominate the removal process of S02 [15]. 
Although corona discharge is effective in S02 removal, higher energy requirement and 
ununiformity on the produced oxidizing radicals are two major problems that need to be 
solved in the future research [16]. 
Addition ofNH3 accompanied with the pulsed corona discharge greatly enhances the 
S02 removal efficiency because of the formation of ammonium sulfate, which favors the S02 
capture. Approximately 9 kg of S02 were removed by 1 kWh of energy input with 99% of 
S02 removal efficiency in a pilot test by corona discharge induced ammonia radical injection 
technique [ 17]. The S02 removal efficiency was not significantly affected by applied voltage 
and slightly increased with increasing acid gas to NH3 molecular ratio [18]. 
1.1.4 Integrated Gasification Combined Cycle (IGCC) 
In the IGCC system, coal gasification takes place in the presence of a controlled 
shortage of air or oxygen, thus maintaining reducing conditions. The process is carried out in 
an enclosed pressurized reactor, and the product is a mixture of carbon monoxide (CO) and 
hydrogen gas (H2). The product gas is cleaned and then burned with either oxygen or air, 
generating combustion products at high temperature and pressure. The sulfur present mainly 
forms hydrogen sulfide (H2S), which must be removed at this high temperature for the 
overall process to be efficient. Considering the fact that H2S is more readily removed than 
S02, treatment of IGCC flue gas is relatively less complicated. Although no NOx is formed 
during gasification, some is formed when the fuel gas is subsequently burned. 
Solid regenerable sorbents of mixed-metal oxides that efficiently remove H2S and 
carbonyl sulfide (COS) at temperature in the range of 500-700 °C have recently been 
developed. Gupta reported that the presence of HCl enhances H2S removal capability of the 
sorbent [19]. A test with ZnO-doped manganese oxide sorbent as regenerable sorbent also 
showed its high efficiency to remove H2S [20]. 
The removal efficiency is greatly increased by the addition of 5 wt% graphite when 
sorbents, such as zinc ferrite doped with Ti (ZFT), zinc ferrite doped with Cu (ZFC), and 
zinc oxide doped with Ti (ZT) were used in the comparison experiments [20]. With the 
copper based absorbent used, a H2S concentration less than 1 ppmv was obtained in the 
temperature range of 350 °C and 450-600 °C [21]. 
1.2 Coagulants Used in Water and Wastewater Treatment 
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Although S02 can be removed with the aforementioned methods, the by-product from 
S02 reduction, such as calcium sulfate, is normally used for the manufacture of gypsum, 
which is oflow market value, or for landfill. Using S02 gas in the flue gas as feedstock to 
produce some valuable product, therefore, is a both environmentally and economically 
beneficial way to purify the flue gas. 
Attempts have been made to produce polymeric ferric sulfate (PFS), a kind of 
promising coagulant to replace currently used aluminum and other iron-based coagulants in 
many water treatment plants, by using S02 as a raw material [22]. 
Aluminum-based coagulants, such as aluminum sulfate ( Al 2 {SO 4 ) 3 ) , usually called 
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as alum, or polyaluminum chloride (PACI) are commonly used in water treatment to enhance 
the particulate removal for years. However, as conventional coagulants, aluminum-based 
coagulants have long been suspected of being both carcinogenic and mutagenic [23]. They 
are also considered related to the neuropathological disease including presenile dementia and 
Alzheimer's disease [24-26]. Given the possible health risks, it is necessary to monitor 
aluminum residue in treated water and take appropriate measures to keep it below a certain 
level. 
To avoid the negative effect on human health resulting from using aluminum-based 
coagulants, iron-based coagulants are preferred as an alternative since they also contain 
trivalent metal ion that forms hydroxide precipitates upon dosing. Extensive research on iron-
based coagulant has proved that they are superior to aluminum-based coagulants with respect 
to the coagulation efficiency. Moreover, iron-based coagulants do not pose the health risks as 
their aluminum counterparts do. Therefore, the advantage of using iron-based coagulants in 
place of aluminum-based coagulants is apparent, which leads to the former are more widely 
applied in recent years. 
Iron (III) coagulants were found to be effective in wide ranges of pH and temperature 
at removing total organic carbon (TOC) and humic substances from water, a main 
trihalomethanes (THMs) precursor when coagulated water was chlorinated [27;28]. Ferric 
chloride (FC), a widely used iron-based coagulant, has been proved to be more efficient to 
remove turbidity than aluminum sulfate on an equal molar basis, expressed as the metal ion 
[29]. When used to treat high color and high humic acid containing water, the dose required 
for FC to achieve the same color removing effect is less than that of alum, resulting in less 
volume of sludge [30]. 
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The performance of iron-based coagulants can be improved by adding base into ferric 
salts solution, resulting in the polymeric ferric salts - a process called prepolymerization. 
Prepolymerized coagulants have the following advantages over metal salts coagulants: better 
overall treatment efficiency; better floe separation; wider working pH range; lower 
sensitivity to low temperatures and low residual metal ion concentration [31]. The basicity of 
the polymerized coagulant is expressed in terms of the B (OH/M ratio, where Mis the metal 
ion). In general, the higher the B ratio, the lower the stability of the solution is (especially in 
the presence of sulfate ions) [31]. 
Currently, PFS and polymeric ferric chloride (PFC) are two kinds of most commonly 
used polymeric iron-based coagulants. Lerpince et al. prepared PFC by diluting FC with hot 
water, heating the solution to >70 C, and maintaining it at that temperature until it is 
introduced into the water to be treated [32]. Tang and Stumm reported a method to produce 
PFC by adding NaHC03 into concentrated FC solutions [33]. Compared with FC, PFC is 
more effective for turbidity removal [34]. The iron species present in PFC solutions are more 
efficient for turbidity removal than those of conventional FC, which is more apparent at the 
lower temperature. 
PFS, one form of iron-based coagulant, has been developed from 1970s with a 
method of catalyzed oxidizing a solution containing H2S04 and FeS04 under a pH less than 3 
followed by an aging period. Compared with the PFC, sulfate ion in the PFS played an 
important role in the flocculation process, not only improving flocculation kinetics at more 
acidic pH levels but also changing surface charge of particles [35]. 
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Mikami researched on the decreasing the reaction time and the dose of catalyst used 
for PFS production [36;37]. Mitsubayashi made a try to prepare PFS by using acid washing 
solutions from iron and steel manufacture and by-product from Ti02 production as raw 
materials [38]. Jiang and Graham reported a method to prepare PFS by using an oxidation 
process followed by a pre-partial hydrolysis (aging) process. Both HN03 and H20 2 can be 
used as the oxidants for achieving a successful oxidation of ferrous ions to ferric ions [39]. 
The properties of PFS product were not affected by the nature of the oxidants, but by the iron 
concentrations, the nature and the dose of the base used and the aging temperature and time. 
They found that a stable PFS solution that did not precipitate in six month regardless of 
which kind of base was added when O<r<0.3 ( r =[OH ]/Fe ratio). But precipitate formed in 
one month when r>0.5 no matter whether NaOH or NaHC03 was used for PFS aging. From 
their research, a PFS solution with an iron concentration of 40 g/L and r value of 0.3 is stable 
for more than six month and has the optimal properties. 
Fan et al. reported a method to produce PFS by using S02 as a raw material, which 
associates the water treatment with air pollution control [22]. In this method, NaC103 is used 
as an oxidant to oxidize ferrous and S02 to ferric and sulfate respectively. The produced 
Fe2 (so 4 ) 3 then undergoes hydrolyzation and polymerization to form PFS. This method, 
compared with the aforementioned method by Jiang and Graham [39], does not consume any 
base for partial hydrolysis and is more cost effective when manufactured on a large scale. In 
the method reported by Fan et al. [22], amorphous structured PFS obtained at 55 °C performs 
better on coagulation than that synthesized at 85 °C. The best performance is observed when 
a product with basicity approximately 18 % is applied. The processes involved in the PFS 
production are shown as following steps: 
Oxidation of Fe2+ 
c10; +6H+ +6Fe2+ ~3H20+6Fe3+ +ci-
Oxidation of S02 
c10; +3H20+3S02 ~3so~- +6H+ +c1-
Hydrolysis 
HzO~H++oH-
2Fe3+ + 6 ;n SO!- +nOH-~[Fe2 (0H)JsoJ(6-n)izJ 
Polymerization 
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PFS is reported to be superior to other coagulants, such as ferric sulfate (FS), 
aluminum sulfate (AS) and polyaluminum chloride (PAC), for removal of algae and algae-
derived organic matter due to the presence of more highly charged cationic species [ 40]. A 
pilot-scale test of PFS at a municipal water treatment facility gave better results in removal of 
turbidity and potential disinfection byproduct precursors (TOC, DOC, UV-254) when 
compared with equal doses of FC [ 41]. When polymeric ferric ion is applied in water 
treatment, it undergoes much slower hydrolysis in the coagulation and dilution processes 
than that of monomeric ferric ions. This property explains the fact that the size of floe formed 
by PFS develops with a lower rate than that ofFS during flocculation. A lower rate of 
formation of hydroxide precipitate and possibly a faster rate of chemical interaction (e.g., 
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charge neutralization and chemical complexion) are believed to take place during these 
processes. The high positive charge and large molecular weight of PFS cause more 
adsorption on the dissolved components in the raw water and form more compact floes for 
easy separation during filtration [ 42]. It is also suggested that precipitates formed by PFS are 
chemically different from FS. Humic acid sludge formed from PFS coagulation is more 
stable and controllable than that from FC coagulation, possibly due to the bridging effect of 
PFS [43]. Ferric hydroxide is believed to predominate in the solid phase formed by the 
precipitates ofFS, while higher-molecular-weight polymers in the precipitate of PFS [39]. 
Moreover, because less alkalinity is consumed by PFS during the coagulation process, the 
residual iron does not increase with the dosage of the coagulant. Compared with the 
monomeric ferric coagulants, PFS leaves less iron residue and yields more efficient removals 
of turbidity and color than equivalent doses of conventional coagulants do [ 42]. 
There are already special challenges to using FC coagulants. Users complain about its 
high corrosivity [ 44]. It causes corrosion problems that shorten the lifespan of equipment and 
pipelines in water treatment plants. The presence of chloride in FC may cause pitting 
corrosion, the most destructive and insidious form of corrosion. It is therefore necessary to 
use a material resistant to FC when it is used as coagulant. Acceptable material can be 
plastics, rubbers, elastomers, and metals. For those plants using aluminum-based coagulants 
in the original design, modification will be needed to replace the components that are 
incompatible with FC. Modifications, including cathodic protection and epoxy coating of 
concrete, may be required to minimize potential corrosion within the basins and protect 
concrete from degradation. 
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Chiang et al. reported that nickel can be corroded when immersed in 0.1 to 1 M of FC 
solution with the etching rate increasing as the concentration ofFC solution increases [45]. 
Tests performed on stainless steel also show that FC can be detrimental to the metal by 
pitting corrosion, especially when stresses are enforced to the metal [46]. By investigating 
the electrochemical behavior of 3 l 6L stainless steel in acid chloride environments, Lee et al. 
determined the pitting potentials with both electrochemical and chemical approaches. 
Attempt was also made to determine a correlation between the electrochemical and chemical 
methods [47]. Otero et al. reported that, after studying the corrosion behavior of type 304L 
and 316L austenitic stainless steels in chloride containing solution with the concentration 
from 0.05 to 0.41 M, crevice corrosion was observed in the area close to pores and in some 
area of contact between powder particles [48]. Dawson and Ferreira also observed crevice 
corrosion caused by the influence of chloride ion in solution. They believed that crevice, 
once formed, appeared to encourage the build-up of a local environment suitable for the 
acceleration of metal dissolution or inhibition of the film repassivation processes. The 
changes of capacitance, potential and charge transfer were found to significantly affect the 
film rupture and chloride adsorption process. A higher frequency capacitance values 
indicated a change from passive film condition to active electrochemical dissolution whereas 
the lower frequency response indicated the increasing role of adsorption during initiation 
which then changed to diffusion as the crevice corrosion propagated [ 49]. 
An alternative method has been put forward to avoid the pitting problem 
accompanying the use of FC in water treatment. Cerisier and Smit reported an approach that 
involves dissolution of iron electrochemically in cooling water as an alternative to FC dosing 
to effect flocculation [50]. The generation of this anion-free flocculant has far-reaching 
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implications in a cooling-water system. Its primary benefit is the elimination of chloride 
dosing, an initiator of pitting corrosion, into the system. Untreated cooling water, in their 
research, was proved to be an ideal electrolyte for the generation of the desired quantity of 
ferric ions under the action of alternative current. The voltage applied and the cooling water 
flow rate are two major factors that significantly determine the extent of the dissolution 
process [50]. 
Given the aforementioned advantages, PFS is considered to be a promising alternative 
to FC. However, few systemic tests have been conducted to compare the corrosivity of these 
two coagulants. During manufacturing, storing and transporting process, This dissertation 
was aimed at evaluating the corrosive performance of PFS synthesized in the laboratory 
relative to FC. 
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CHAPTER 2. MATERIALS AND METHODS 
Experiments were designed to compare the degree of corrosion caused by FC and 
PFS. The parameters selected were temperature, concentration of coagulant, and types of 
specimen material. The tests were designed according to the relative standards of the 
American Society for Testing and Materials (ASTM). The standards involved were G 1-90 
(Reapproved 1999) Practice for preparing, cleaning, and evaluating corrosion test specimens; 
03-89 (Reapproved 1999) Practice for conventions applicable to electrochemical 
measurements in corrosion testing; G 16-95 (Reapproved 1999) Guide for applying statistics 
to analysis of corrosion data and 031-72 (Reapproved 1999) Practice for laboratory 
immersion corrosion testing of metals. 
2.1 Experiment Section 
Although iron-based coagulant solutions with the concentrations of Fe(III) as low as 
0.1 wt% are used in many water treatment plants, the coagulant solutions containing 1 wt% 
ofFe(III) are also applied in some plants. In the processes of manufacturing, transportation 
and storage of iron-based coagulants, the concentration are typically as high as 10 wt% [51]. 
A preliminary stability test carried out before the corrosion test indicated that the coagulant 
solution containing 0.1 wt% Fe(III) underwent rapid hydrolysis within the period needed for 
the corrosion test. The coagulant solutions with Fe(III) concentration higher than 1 % was 
proved to be stable in a 10-hour period. Based on these facts, the concentrations ofFe(III) in 
FC and PFS solutions used in this research were selected to be 1 and 10 wt%. 
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2.1.1 FC Solution 
Reagent grade FeCl).6H20 (Assay 97.3%, Fisher) was dissolved in deionized water to 
make the FC solution. Two different concentrations of solutions were prepared, one 
containing 1 wt% and the other, 10 wt% ofFe(III), 
2.1.2 PFS Solution 
A PFS solution was made in the laboratory of the Center for Sustainable 
Environmental Technologies (CSET) at Iowa State University (ISU). It contained 10.5 wt% 
iron and its characteristics were: basicity = 12%; [Fe(III)] > 10 wt% and [Fe(II)] < 0.2 wt% 
[22;52-55]. 
PFS was synthesized using a method developed by Fan et al. [22]. Each round of the 
synthesis process was controlled to produce 5000 g PFS, which should contain 10 wt% 
Fe(III). The first step of the synthesis was the addition of2222.2g FeS04.7H20 [22.5 wt% 
Fe(II)] into a 4000 mL reactor (ChemGlass) containing 235lg H20 accompanied with 
continuous mixing at the speed of 60 rpm for a period of 30 minutes. After mixing, 266.9 g 
H2S04 (Fisher Scientific, 96.5 wt%, density= 1.84 g/cm3) and 160 g sodium chlorate (Fisher 
Scientific, 99.6 wt%) were added to the reactor at an appropriate speed to avoid extra heat 
accumulation. The total iron, Fe(II) concentration and basicity of the synthesized PFS 
solution was determined [22]. The relative parameters of the produced PFS were: 0.03 wt% 
ofFe(II), 10.44% of total iron and 11.4% ofbasicity. All these parameters reached the PFS 
quality standard of China [51], making it eligible for water treatment usage. The synthesized 
PFS was diluted to 1 wt% Fe(III) and 10 wt% Fe(III) for the corrosion test. 
Although this preparation method does not use S02 but sulfuric acid as the raw 
material, the properties of prepared PFS are similar to that made from S02 [ 41 ]. The only 
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differences between those two preparation methods are in the first step, where S02 is 
converted to sulfuric acid with sodium chlorate as oxidant: 
The reactions following this step are actually same between these two methods. 
2.1.3 Specimen Treating Solutions 
Two kinds of solutions, phosphoric acid and hydrochloric acid, were made up to treat 
the corroded specimens and remove the corrosion product. The phosphoric acid solution was 
made up by mixing 50 mL phosphoric acid (Fisher Scientific, H3P04, specific gravity = 1.69) 
and 20 g chromium trioxide (Fisher, 99.9%) followed by addition of deionized water to make 
1000 mL solution. The hydrochloric acid solution was made up of 1000 mL hydrochloric 
acid (Fisher Scientific, HCl, specific gravity= 1.19), 20 g antimony trioxide (Sb20 3, Aldrich), 
and 50 g stannous chloride (SnCli). 
2.1.4 Corrosion Specimens 
Two materials, aluminum 6061 and steel 4140, were used in the corrosion test. The 
chemical compositions of these two metals are shown as Table 1. The metals were processed 
at ISU's Chemistry Machine Shop into circular specimens with a diameter of 38 mm and 
thickness of 3 mm. An 8-mm diameter hole was drilled in the middle for convenient 
mounting. The average weight of the aluminum and steel specimens were 9.5 g and 27.7 g 
respectively. 
Table 1. Chemical composition of Aluminum 6016 and Steel 4140 
Material 
Aluminum 6061 
Steel 4140 
Elements (wt%) 
C Si Fe Cu Mn Mg Cr Zn Ti Mo 
0.40-0.80 0. 70 0.15-0.40 0.15 0.80-1.20 0.04-0.35 0.25 0.15 
0.4 0.8 1 0.2 
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The sample disks were immersed in FC and PFS solutions that contained 1 and 10 
wt% ofFe(III) at five different temperature settings, i.e. 5 °C, 20 °C, 35 °C, 50 °C and 65 °C 
for 10 hours. 
2.2 Characterization of Corroded Specimens 
To compare the corrosion effects of PFS and FC, the specimens were examined with 
a Hitachi S-2460N Scanning Electron Microscope (SEM) set at high vacuum mode with 20 
kV beam. Micrographs from the SEM were used to investigate the surface morphology of the 
corroded specimens. 
2.3 Apparatus and Operational Procedures 
Before testing, the specimens were polished with No. 100 abrasive paper (aluminum 
oxide, made in Poland) to remove the surface oxidation layer of metal and eliminate 
variations on the metallic surface. Final surface treatment was accomplished with No. 180 
abrasive paper (silicon carbide, made in Poland) and acetone (Fisher Scientific, 99.0%, 
density= 0.7847 g/mL). All specimens were weighed with a Mettler AElOO Analytical 
Balance and the initial weights of these specimens were recorded. 
The corrosion test started with the addition of 1000 mL PFS or FC solution into the 1000 mL 
reactor (ChemGlass). The setup of the experimental apparatus is illustrated in Figure 1. 
Controlled with a temperature bath unit, the temperature of the reaction solution was 
stabilized at the set point. After the temperature of solution reached the set point, five 
specimens were immersed into the solution and timing was started. The specimens were tied 
to the mounting rack with nylon string and suspended in the solutions to avoid contact with 
each other. 
5 
Do 
0 
4 
Figure 1. Experimental setup of the corrosion test 
(1) Reaction vessel, (2) Corrosion specimens, (3) Coagulant solution, (4) Reactor 
temperature bath unit, ( 5) Specimen mounting rack. 
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Every two hours, one specimen was taken out of the reactor, treated with a chemical 
solution to remove corrosion products, and weighed. The aluminum specimens were treated 
with a phosphoric acid solution for 10 minutes at 95 °C followed by washing with water and 
acetone. The steel specimens were treated with a hydrochloric acid solution for 25 minutes at 
25 °C followed by washing with water and acetone. In all cases, the dried specimens were 
weighed on a balance. The weight of the corroded specimen was subtracted from its initial 
weight, thus giving the weight loss after two hours of corrosion. The weights losses at four, 
six, eight, and ten hours were obtained in the same way. SEM surface check was carried out 
to determine the effect of the coagulant solution on the specimens. Three different 
magnitudes-50, 150 and 500-were used to acquire the surface morphology. 
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CHAPTER 3. RESULTS AND DISCUSSION 
When the metal specimens were immersed into the coagulant solutions, an 
electrochemical reaction took place with the metal acting as an anode and the impurities 
within metal as a cathode. This reaction then resulted in the loss of metal in the anode 
reaction, and hydrogen gas generation in the cathode reaction. The electrochemical reactions 
involved in the corrosion are as shown with (1) and (2), 
Fe+2H+ ~Fe2+ +H 2 
2Al + 6H+ ~ 2Al3+ + 3H2 
(1) 
(2) 
Apart from these two electrochemical reactions, redox reaction also played an 
important role in the corrosion behavior. The FC solution containing 10 wt% Fe(III) boiled 
within 10 minutes after the aluminum specimens were immersed in. The temperature 
increased rapidly from 20 °C to higher than 100 °C. After the reaction was finished, solution 
samples were analyzed for Fe(II) and Fe(III). The solution contained 10 wt% Fe(II) and 0 
wt% Fe(III), which means that all of the Fe(III) was converted into Fe(II) through the 
reaction. 
According to .6.G values of the redox reaction that may take place, the reaction can 
proceed during all the test periods. For the aluminum case, the concentration of Al(III) and 
Fe(II) at the beginning of the reaction was negligible compared to the Fe(IIl)concentration, 
which made .6.G negative (3). For the reaction to stop proceeding to the right, the 
concentration ofFe(III) will almost be negligible, which means Fe(III) can be virtually 
completely reacted if enough aluminum is provided. For the steel case, Fe(II) was negligible 
at the beginning of reaction. Fe(III) should be much lower than Fe(II) to make the reaction 
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stop, which means all Fe(III) is almost completely consumed if enough steel is provided ( 4). 
In both cases, redox reaction will happen as long as the metals and coagulants exist in the 
solution. 
Al+3Fe3+ ~Al3+ +3Fe2+ E0 = 2.45V 
[Al3+] [Fe 2+ ]3 
~G = ~G~ +R·T·lnQ =-169.l+l.99xl0-3 ·T·ln [ ]3 
Fe3+ 
Fe+ 2Fe3+ ~3Fe2+ E0 = 1.21 V 
r.-0_2+ l3 
~G = ~G~ + R · T· lnQ = -58.8 +1.99x10-3 ·T · ln~[ ]2 
Fe3+ 
3.1 Effect of Temperature 
Test results showed that temperature had a substantial influence on corrosion: the 
higher the temperature, the higher the weight loss in the metal specimens. This trend is 
clearly illustrated in Figure 2, where the weight loss of steel specimens, at each sampling 
point, 2, 4, 6, 8 and 10 hours, increased rapidly with the increase of temperature. For each 
different immersion time, the weight loss of steel specimens at 60 °C, however, were all 
(3) 
(4) 
approximately 500% higher than those at 5 °C. The highest weight loss increase took place 
when a steel sample was immersed in a PFS solution containing 10 wt% Fe(III). At an 
immersion time of 10 hours, the weight loss at 65 °C was 6.8686 g, which was 2170% higher 
than that at 5 °C, which was only 0.3032 g. 
Figure 3 showed the relationship between corrosion rate change and temperature. 
When the temperature was increased, the corrosion rates increased dramatically in all 
reaction systems. The reaction rates at 65 °C in some systems, such as steel immersed in PFS 
- Steel immersed in PFS solution with I wt% Fe(III) at s0 c 
EruMtlmN! Steel immersed in PFS solution with I wt% Fe(III) at 20°c 
rlllBI Steel immersed in PFS solution with I wt% Fe(III) at 35°C 
ltiWAHM I Steel immersed in PFS solution with I wt% Fe(III) at 50°C 
- Steel immersed in PFS solution with 1 wt% Fe(III) at 65°C 
Figure 2. Steel specimens immersed in PFS solution containing 1 wt% Fe(III) 
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solution containing 1 wt% and 10 wt% Fe(III), however, were not as high as those expected 
from the trend obtained from the previous four corrosion rates at lower temperatures. That 
may be explained by the tendency of PFS to more easily subject to hydrolyzation at higher 
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temperatures than FC solutions containing the same concentration ofFe(III) [22], which was 
shown as (5): 
(5) 
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o Steel immersed in FC solution containing 10 wt% Fe(III) 
•Aluminum immersed in PFS solution containing 10 wt% Fe(III) 
& Steel immersed in PFS solution containing 10 wt% Fe(III) 
x Steel immersed in PFS solution containing 1 wt% Fe(III) 
:t: Steel immersed in FC solution containing 1 wt% Fe(III) 
•Aluminum immersed in FC solution containing 1 wt% Fe(III) 
+ Aluminum immersed in PFS solution containing 1 wt% Fe(III) 
0 
0 
0 
• 
• 
0 
• 
0 
• x • + 
x 
• + • 0-+--=-·------'"'--+----1-----'~--+----+----+---~ 
275 285 295 305 315 325 335 345 
Temperature (K) 
Figure 3. Change of corrosion rate as a function of temperature 
The hydrolyzation resulted in a decrease ofFe(Ill) concentration in solution. 
Consequently, the reaction rate between iron and Fe(Ill), a major reaction that caused the 
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corrosion of the steel specimen, was also inhibited caused by L\G approaching to zero, which 
means the termination of reaction. 
For steel immersed in an FC solution containing 10 wt% Fe(III), the reaction 
proceeded smoothly when the temperature was below 65 °C. However, the reaction became 
rather furious accompanied with lots of bubbles produced and temperature increase caused 
by heat accumulation through reaction. 
3.2 Effect of Concentration 
The corrosion rates increased with increase of solution concentration. At the 
temperature of 5 °C, the corrosion rate of steel specimen in the FC solution containing 10 
wt% Fe(III) was 140 g/cm2.hr, while the corrosion rate in the FC solution containing 1 wt% 
Fe(III) was only 17 g/cm2.hr. When the temperature increased to 65 °C, the corrosion rates of 
the steel specimens in these two solutions were 576 g/cm2.hr and 155 g/cm2.hr, respectively. 
For the aluminum specimens, the corrosion rates were 23 g/cm2.hr and 9 g/cm2.hr in the PFS 
solutions containing 10 wt% and 1 wt % Fe(III) at the temperature of 5 °C. When the 
temperature was increased to 65 °C, the corrosion rates changed to 1150 g/cm2.hr and 28 
g/cm2.hr. The reaction rates in the PFS solution containing 10 wt% Fe(III) were 4000% 
higher than reaction rates in solutions containing 1 wt% Fe(III). In this temperature, when the 
aluminum was immersed in an FC solution containing 1 wt% Fe(III) for 8 hours, the weight 
loss was 0. 7773 g. The corrosion rate of aluminum in the FC solution containing 10 wt% 
Fe(III) was much higher. However, the rate could not be determined since the aluminum 
specimens were completely corroded in 15 minutes. Obviously, higher concentration 
solutions are more corrosive than lower concentrations (Figures 4 and 5). 
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Immersion time (hours) 
- Aluminum immersed in PFS solution with 10 wt% Fe(III) 
1%%Bti!KWI Aluminum immersed in PFS solution with 1 wt% Fe(III) 
lililBI Aluminum immersed in FC solution with 1 wt% Fe(III) 
10 12 
Figure 4. Comparison of aluminum corrosion among three different solutions at 35°C 
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Figure 5. Comparison of steel corrosion among four different solutions at 35°C 
3.3 Effect of Solution and Metal 
12 
Test results showed that PFS is less corrosive than the FC solution, especially when 
25 
both contain 10 wt% ofFe(III). For aluminum, all of the weight loss data obtained from the 
corrosion test justified the trend that PFS causes less weight loss than an FC solution 
containing the same concentration ofFe(III). With steel, however, PFS solution containing 1 
J 
1.2 
1.0 
Steel 35C 
Aluminum 35C 
Steel 20C 
Aluminum 20C 
Corr, . Steel 5C / 
Os1011 Sp . Aluminum 5C 
ec1ine11s 
- Aluminum immersed at s0c 
lm.wmmim Steel immersed at s0c 
111111 Aluminum immersed at 20°c 
ltWlii'iH I Steel immersed at 20°C 
- Aluminum immersed at 35°C 
LilBI Steel immersed at 35°C 
Figure 6. Different corrosion performance between aluminum and steel in PFS solution 
containing 1 wt% Fe(III) 
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ec1ine11s 
- Aluminum immersed at s0 c 
lrn:mlik!'!M Steel immersed at s0c 
llBll Aluminum immersed at 20°c 
l:;n1mmrn Steel immersed at 20°C 
- Aluminum immersed at 35°C 
lmlil Steel immersed at 35°C 
Figure 7. Different corrosion performance between aluminum and steel in FC solution 
containing 1 wt% F e(III) 
wt% F e(III) caused more weight loss than an FC solution containing 1 wt% F e(III) at 
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temperatures of 20 and 35 °C (Figure 5). When the PFS concentration was 1 wt% Fe(III), its 
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corrosion effect on aluminum was less than that on steel (Figure 6). With an FC solution 
containing 1 wt% Fe(III), the weight loss was higher for aluminum in the first several hours. 
The rate of weight loss of steel, however, surpassed that of aluminum in the latter period of 
the experiment (Figure 7). 
Steel was more resistant than aluminum to both PFS and FC solutions containing 10 
wt% Fe(III). Its resistance to the corrosion of PFS solution containing 1 wt% Fe(III), 
however, was less than aluminum. At the end of the IO-hour experiment, steel also lost more 
weight than aluminum in the FC solution containing 1 wt% Fe(III). At an immersion time of 
10 hours at 20 °C, the weight loss caused by the PFS solution containing 1 wt% Fe(III) was 
0.8241 g, or 34% higher than that caused by the FC solution containing 1 wt% Fe(III), which 
was only 0.6150 g. The weight loss caused by the PFS solution containing lwt% Fe(III) at 35 
°C was 1.0399 g, or 19% higher than that caused by the FC solution containing 1 wt% Fe(III), 
which was only 0.8714 g. 
Both PFS and FC are acid salts, which means their solutions have a low pH value 
when dissolved in water. An increase in the concentration of acid salts leads to acidification 
of the solution, and their action or corrosion can be determined to a large extent by the 
corrosion behavior change of the given metal with the change in pH of the medium. The 
electrochemical reactions produce hydrogen gas, that is shown as equation (6) and (7). Steel 
was more resistant to aluminum in acid solution in that the electrochemical potential of the 
iron system is lower than the aluminum one. 
Fe+2H+ ~Fe2+ +H 2 E 0 = 0.44V 
E 0 =1.68V 
(6) 
(7) 
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PFS can be expressed with the formula [Fe2(0H)0 (S04)(6-n)t2]m, where mis a function 
of n (n<2) [22]. Since PFS was partially hydrolyzed, it produced less hydrogen ion when 
added to water compared to Fe, which contains the same amount of iron. Accordingly, the 
pH value of PFS is higher than that of Fe containing the same concentration of iron, which 
resulted in a lower electrochemical potential and corrosion rate (8). Thus, the PFS solution 
was less corrosive to the facilities when used as a coagulant substitute. 
E =E,- RT lnQ=E,- RT In r•'f 
nF nF H+ 
(8) 
The anion in these two coagulants may also contribute to the difference in corrosive 
behavior. The Fe solution contained chloride anion, which is able to attack most metals in 
an aqueous environment [56]. This anion, when present in a solution, causes pitting corrosion 
on the surface of metals. It may act as an anodic accelerator that destroys the protective film 
on the anodic areas, thereby accelerating the rate of the anodic process. Pits were observed 
using SEM on all specimens corroded by ferric chloride. Moreover, when the specimens 
immersed in PFS containing sol, an anion that was not considered an agent as aggressive 
as er [57], the surface of the metals were also attacked by pitting, although less severe than 
the pitting created by er (Figure 8). 
Apparently, chloride anion generated substantial pitting corrosion on the surface of 
steel. For the so/- anion, it corroded the steel with a different mechanism. The steel 
specimens were less severely corroded by pitting. Rather, they were more likely to be 
attacked by intergranular corrosion. 
From the SEM results, the pitting number generally increased with increase in 
temperature. However, the increase of pit number and diameter with temperature can not 
(5) (6) 
Figure 8. The SEM micrographs of the specimens corroded by different concentrations of 
PFS and FC for 10 hours at 35°C. (1) Aluminum specimen immersed in FC solution 
containing 1 wt% Fe(III), (2) Aluminum specimen immersed in PFS solution containing 1 
wt% Fe(III), (3) Steel specimen immersed in FC solution containing 1 wt% Fe(III), (4) 
Steel specimen immersed in PFS solution containing 1 wt% Fe(III), (5) Steel specimen 
immersed in FC solution containing 10 wt% Fe(III), (6) Steel specimen immersed PFS 
solution containing in 10 wt% Fe(III). 
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account for the variation of the weight loss caused by temperature change, which may 
indicate that the pitting corrosion was not the main mechanism that caused the corrosion 
differences between FC and PFS on both aluminum and steel specimens. The main corrosion 
behavior, therefore, may contribute to uniform corrosion. Test results showed that the 
uniform corrosion caused by FC corrosion was much more severe than PFS when both 
solutions contained 10 wt% Fe(III). 
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CHAPTER 4. CONCLUSIONS 
Test results showed that PFS was less corrosive than FC, especially when both 
solutions contained 10 wt% Fe(III). For aluminum, all of the weight loss data from the 
corrosion test justified the trend that PFS causes less weight loss than the same concentration 
of FC. With steel, however, the PFS solution containing 1 wt% Fe(III) caused more weight 
loss than the FC solution containing 1 wt% Fe(III) at 20 and 35 °C. When the PFS solution 
contained 1 wt% Fe(III), its corrosion effect on aluminum was less than on steel. Higher 
concentration solutions were more corrosive than lower concentration ones. Temperature has 
a substantial influence on corrosion: the higher the temperature, the higher the weight loss 
from the sample disks. 
Steel was more resistant than aluminum to both PFS and FeC13 solutions containing 
10 wt% Fe(III). Its resistance to the corrosion of the PFS solution containing 1 wt% Fe(III), 
however, was less than aluminum. At the end of the 10-hour experiment, steel also lost more 
weight than aluminum in the FC solution containing 1 wt% Fe(III). 
According to the SEM results, the number and diameter of pits generally increased 
with an increase in temperature. However, pitting was not the main mechanism that caused 
the corrosivity differences between FC and PFS solutions on aluminum and steel specimens. 
Test results showed that the uniform corrosion caused by FC solution was much more severe 
than PFS solution when both contained 10 wt% Fe(III). The chloride anion in FC caused the 
major pitting in steel, while sulfate anion does not have this aggressive action. Generally, 
there are some benefits in using PFS over FC in water treatment associated with its lower 
corrosivity. This finding, along with its superior performance in coagulation, may lead PFS 
to be more widely applied in water and wastewater treatment industry. 
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APPENDIX A: SUPPORTING CALCULATIONS 
Analysis of Uncertainty in Data Obtained from Equipment 
Uncertainties of the measurement equipments used are listed in the Table Al: 
Table Al. Uncertainties of the measurement e ui ments 
Measurement e ui ment 
Vernier caliper (Fisher Scientific) 
AE 100 balance (Mettler) 
Sto watch (Fisher Scientific 
Uncertain 
± 0.0001 m 
± 0.0002 g 
±0.01% 
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For a given function f(x, y,z), its uncertainty, ~f, is expressed as equation (Al), where ~x, 
~y, ~z are the uncertainties of x, y and z, respectively. 
( 8f )
2 
2 (8fJ2 2 (8f)2 2 ~f = ax . ~x + 8y . ~y + az . ~z (Al) 
The surface area of the specimen can be expressed as: 
1t ( 2 2)2 A=-· D -d +n·D·h+n·d·h 
2 
where A is the surface area of the specimen (m2), Dis the diameter of the specimen, dis the 
diameter of the hole at the middle of the specimen (m) and h is the depth of the specimen 
(m). The dimension values of the specimens used in the research are listed in Table A2. 
Table A2. Dimension value of the corrosion s 
Parameter 
Diameter of the specimen 
Diameter of the middle hole 
ecimens 
Value 
0.038 m 
0.008 m 
0.003 m 
Based on equation (A 1 ), the uncertainty of surface area, ~A, is calculated in the following 
equation, where ~D, ~d, ~h are all 0.0001 m. 
AA= (~r ·AD2 +(~r ·Ad2 +(~r ·Ah2 
=~(n2 ·D+n·h)2 ·AD2 +(-n 2 ·d+n·h)2 ·Ad2 +{nD+nd)2 ·Ah2 
=4xl0-5 m 2 
The corrosion rate of specimen is expressed as equation (A2). 
w 
r=--
A·T 
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(A2) 
where r is corrosion rate (g/cm2.hr), Wis the weight loss (g) at 10 hours, A is the surface area 
(m2) and Tis the immersion time (hour). 
The uncertainty of the specimen corrosion rate, Ar , is calculated in the following equation: 
(A3) 
I 2 w2 2 w2 2 = -2-2 .8.W +-2-4 ·8.A +-2-4 ·8.T 
AT TA AT 
where AW= 0.0002g and AA= 4x10-5 m 2 • 
For a IO-hour test period, the uncertainty of the time is 0.06 minutes. Considering the time 
involved in the specimen retrieving from the coagulant solution, a AT value of 1 minute is 
selected. 
The calculated uncertainties of the specimen corrosion rates, according to equation (A3), are 
all approximately within 1 % of the corrosion rates for all cases. 
APPENDIX B: CORROSION PERFORMANCE OF ALUMINUM AND STEEL 
SPECIMENS IN PFS AND FC SOLUTIONS 
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Comparison of corrosion performance of aluminum among three different solutions at 5 °C 
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Comparison of corrosion performance of aluminum among three different solutions at 20 °C 
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Comparison of corrosion performance of aluminum among three different solutions at 35 °C 
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Comparison of corrosion performance of steel among four different solutions at 5 °C 
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Comparison of corrosion performance of steel among four different solutions at 20 °C 
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Comparison of corrosion performance of steel among four different solutions at 35 °C 
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wt% Fe(III) 
1.0 
0.8 
Steel 3SC 
Aluminum 3SC 
Steel 20C 
Aluminum 20C 
Carli . Steel sc 
Ds1011 Sp . Aluminum SC 
ec1111e11s 
- Aluminum immersed in FC solution containing 1 % Fe(lll) at 5 °C 
lwMrnwrn Steel immersed at in FC solution containing 1 % Fe(lll) 5 °C 
1111111 Aluminum immersed at in FC solution containing 1 % Fe(lll) 20 °C 
lin1nn1n ! Steel immersed at in FC solution containing 1 % Fe(lll) 20 °C 
- Aluminum immersed in FC solution containing 1 % Fe(lll) at 35 °C 
llllil Steel immersed at in FC solution containing 1 % Fe(lll) 35 °C 
Different corrosion performance between aluminum and steel in FC solutions containing 1 
wt% Fe(III) 
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APPENDIX C: SEM MICROGRAPHS OF THE CORRODED SPECIMENS 
54 
Uncorroded aluminum specimen 
55 
Aluminum specimen immersed in PFS solutions containing 1 wt% Fe(III) at 5°C 
56 
Aluminum specimen immersed in PFS solutions containing 1 wt% F e(III) at 20°C 
57 
Aluminum specimen immersed in PFS solutions containing 1 wt% Fe(III) at 35°C 
58 
Aluminum specimen immersed in PFS solutions containing 10 wt% Fe(III) at 5°C 
59 
Aluminum specimen immersed in PFS solutions containing 10 wt% Fe(III) at 20°C 
60 
Aluminum specimen immersed in PFS solutions containing 10 wt% Fe(III) at 35°C 
61 
Aluminum specimen immersed in FC solutions containing 1 wt% Fe(III) at 5°C 
62 
Aluminum specimen immersed in FC solutions containing I wt% Fe(III) at 20°C 
63 
Aluminum specimen immersed in FC solutions containing 1 wt% Fe(III) at 35°C 
64 
Aluminum specimen immersed in FC solutions containing 10 wt% Fe(III) at 5°C 
65 
Uncorroded steel specimen 
66 
Steel specimen immersed in PFS solutions containing 1 wt% Fe(III) at 5 °C 
67 
Steel specimen immersed in PFS solutions containing 1 wt% Fe(III) at 20 °C 
68 
Steel specimen immersed in PFS solutions containing I wt% Fe(III) at 35 °C 
69 
Steel specimen immersed in PFS solutions containing 10 wt% Fe(III) at 5 °C 
70 
Steel specimen immersed in PFS solutions containing 10 wt% Fe(III) at 20 °C 
71 
Steel specimen immersed in PFS solutions containing 10 wt% F e(III) at 3 5 °C 
72 
Steel specimen immersed in FC solutions containing 1 wt% Fe(III) at 5 °C 
73 
Steel specimen immersed in FC solutions containing 1 wt% Fe(III) at 20 °C 
74 
Steel specimen immersed in FC solutions containing 1 wt% Fe(III) at 35 °C 
75 
Steel specimen immersed in FC solutions containing 10 wt% F e(III) at 5 °C 
76 
Steel specimen immersed in FC solutions containing 10 wt% Fe(III) at 20 °C 
77 
Steel specimen immersed in FC solutions containing 10 wt% Fe(III) at 35 °C 
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